Among the perovskite-type oxides with symmetrical structure applied in oxygen permeable membranes, cubic phase structure is the most favorable for oxygen permeation. In order to stabilize the cubic perovskite structure of BaFeO 3−δ material at room temperature, iron was partially substituted by praseodymium. BaFe 1−y Pr y O 3−δ powders were synthesized by a solid state reaction method, and sintered samples were prepared from the synthesized BaFe 1−y Pr y O 3−δ powders. X-ray diffraction results reveal that the BaFe 1−y Pr y O 3−δ samples remain cubic structure at praseodymium substitution amount of y=0.05, 0.075, 0.1. Scanning electron microscope observation indicates that the sintered samples contain only a small amount of enclosed pores and the grain size of BaFe 1−y Pr y O 3−δ increase monotonically with the increase of the praseodymium doping amount, praseodymium doping promotes the grain size growth. Tests of electrical conductivity and oxygen permeation flux show that praseodymium doping improves the conduction properties of BaFe 1−y Pr y O 3−δ and BaFe 0.9 Pr 0.1 O 3−δ composition has an electrical conductivity of 6.5 S/cm and an oxygen permeation of 1.112 mL/(cm 2 ·min) at 900
I. INTRODUCTION
Fossil energy is still the major energy sources in current industrial production, such as coal, oil and natural gas, etc., and enhancing its utilization efficiency and reducing emissions of polluted gases have become one of the most imperative requirements in energy and environment areas. Using oxygen enriched air or pure oxygen instead of air as oxidizer combustion is one of the effective ways to meet the needs. However, the traditional oxygen production processes, such as cryogenic separation and pressure swing adsorption have some disadvantages, including high production cost and low purity of resultant [1, 2] . As a new oxygen production technology, separating oxygen from air by ceramic membranes has shown to be a promising process due to the advantages of without additional circuitry required and high oxygen selectivity of about 100% [3, 4] .
Perovskite-type (ABO 3 ) materials with mixed ionic * Author to whom correspondence should be addressed. E-mail: jgcheng@hfut.edu.cn and electronic conductivity (MIEC) have attracted enormous attentions in oxygen permeable membranes [5] [6] [7] . Since the reports of the high oxygen permeability of La 1−x Sr x Co 1−y Fe y O 3−δ by Teraoka et al. [8] , many cobalt-based perovskite-type oxygen permeable membranes have been developed, e.g. SrCo 0.8 Fe 0.2 O 3−δ [9, 10] , Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3−δ [11, 12] , SrCo x Nb 1−x O 3−δ [13, 14] [17] . However, cobalt-based perovskite-type oxides may be not favorable for practical uses because of their relatively low stability under harsh conditions due to the evaporation and reduction of cobalt [18, 19] . To overcome this drawback, some cobalt-free perovskitetype materials have been developed to use as oxygen permeable membranes. Benefiting from the less flexible redox behavior of iron, Fe replacing Co as B-site ions in the ABO 3 perovskite-type materials has been investigated. Among the ferrum-based perovskite-type materials, BaFeO 3−δ has high oxygen permeability because Ba can expand the lattice free volume and lower the average metal-oxygen bond energy in the lattices [20] . Nevertheless, Ba has a large ionic radius, which results in a phase transition of the BaFeO 3−δ materials as temperature decreases [21] . At high temperature, the crystal structure of BaFeO 3−δ materials is cubic phase, however, at low temperature, which probably transforms to hexagonal, tetragonal, triclinic, etc. [22] . Cubic phase provides a large channel for oxygen ions transmission in their interior due to the relatively open space, moreover, the equivalent positions of which are the most, that conducive to the migration of oxygen ions. Thus, in the same material system, the cubic perovskite structure has the highest oxygen permeation flux. Ramadass introduced the concept of tolerance factor (F t ) to characterize the stability of cubic perovskite structure [23] :
Where 
II. EXPERIMENTS

A. Samples preparation
BaFe 1−y Pr y O 3−δ (y=0, 0.025, 0.05, 0.075, 0.1) powders were synthesized by the solid state reaction method in which BaCO 3 , Fe 2 O 3 , Pr 6 O 11 powders were weighed according to stoichiometric ratio, after ball-milling with zirconia media in absolute alcohol for 20 h, the dried powder mixes were pressed into block, calcined at 1100
• C for 5 h in air, and then ball-milled for 10 h to obtain BaFe 1−y Pr y O 3−δ powders. In order to characterize the electrical conductivities, oxygen permeation fluxes and some other performance of the prepared materials, the synthesized powders were pressed into green bars and disks under a pressure of 150 MPa, respectively, and subsequently sintering in air at 1300
• C for 5 h. The surface of the sintered samples were then polished with an emery paper (80) to adjust the dimensions of sintered bars with of 4 mm×5 mm×10 mm and thickness of disks with 1.0 mm.
B. Characterizations
Relative densities of the sintered samples were measured using the Archimedes' method. The crystal structures of the BaFe 1−y Pr y O 3−δ powders at room temperature were characterized by X-ray diffraction (XRD D/MAX2500V) using CuKα radiation, with diffraction angles of 10
• ≤2θ≤80
• at an interval of 0.02
• . The crystal structures of BaFe 0.975 Pr 0.025 O 3−δ membrane were characterized by a high-temperature X-ray diffraction (HT-XRD), the temperature was slowly increased from room temperature to 100, 200, 300, 400, 500, 600, 700, 800, 900
• C and maintained constant at each designated temperature for 30 min before measurements were taken. The elemental compositions of BaFe 0.975 Pr 0.025 O 3−δ powders was analyzed by energy dispersive spectrometer (EDS). The surface and cross section morphologies of BaFe 0.975 Pr 0.025 O 3−δ and BaFe 0.925 Pr 0.075 O 3−δ disks were examined by scanning electron microscope (SEM, JSM-6490LV).
C. Electrical conductivity measurements
The electrical conductivities of the BaFe 1−y Pr y O 3−δ bars were measured using a four-probe DC method between 300 and 900
• C at an interval of 50 • C. Silver paste and silver wire were used as current collector and current wire, respectively. A constant current was applied to the two current wires, and the voltage response σ on the two voltage wires was recorded by Digital Multimeter (U3606A), the electrical conductivity was calculated according to Eq.(2).
Where L is the length of the two voltage contacts, R and S are the resistance and cross-sectional area of BaFe 1−y Pr y O 3−δ bars, respectively.
D. Test of oxygen permeability
The oxygen permeation flux of BaFe 1−y Pr y O 3−δ membranes were tested using a homemade apparatus, described in our previous work [30] . The membranes were sealed onto an Al 2 O 3 tube using a commercial ceramic sealant (Yihui, Hongkong). Within test temperature range of 600−950
• C, the feed side of membranes was exposed to atmospheric air, whilst a 100 mL/min flow of helium was fed with the permeating side to provide the oxygen partial pressure. Flow flux of the helium was controlled by a mass flow controller (D08-1F). The content of O 2 and N 2 in the permeation gas were analyzed by the gas chromatography, where N 2 is the leak gas. The effect of leakages can be estimated using Eq.(3) to calculate the oxygen permeation flux:
Where C O and C N are the measured gas phase concentrations of oxygen and nitrogen in the sweeping gas, f is the flow flux of the exit gas on the sweep side, and S is the effective oxygen permeable area of the oxygen permeable membranes.
III. RESULTS AND DISCUSSION
A. Characteristics   FIG. 1 shows X-ray diffraction patterns of the BaFe 1−y Pr y O 3−δ powders with different praseodymium doping amount at room temperature. The main peaks were shifted to lower angles with the increasing of the substitution amount (y) in BaFe 1−y Pr y O 3−δ , indicating that the lattice constant increases as doping more praseodymium into the B-site. Moreover, no crystalline phase of praseodymium oxide was detected from the XRD patterns, suggesting that the praseodymium were successfully doped into the oxide lattice of BaFeO 3−δ . Table I lists structural parameters of BaFe 1−y Pr y O 3−δ powders at room temperature. It is shown that the crystal structure of the parent BaFeO 3−δ is hexagonal, which is consistent with other reports [26, 28] . When the substitution amount y=0.025, BaFe 0.975 Pr 0.025 O 3−δ failed to stabilize the cubic structure but formed a triclinic phase together with the cubic phase [31] . In contrast, cubic structure forms at a substitution amount of y=0.05, 0.075, 0.1. The tolerance factor of the BaFe 1−y Pr y O 3−δ materials decreases from 1.066 (y=0) to 1.045 (y=0.1) with the increase of the substitution amount (y). The results show that doping Pr n+ is beneficial to stabilize the cubic perovskite structure of BaFeO 3−δ oxygen permeable membranes at room temperature. • C to 900 • C. Below 750 • C, the electrical conductivity of parent BaFeO 3−δ is low, and then increases sharply, implying that there probably exists a phase transition around the temperature. With a small amount of praseodymium doping (y=0.025), the temperature of obvious increase of the electrical conductivity for BaFe 0.975 Pr 0.025 O 3−δ advances to 600
• C. Due to the cubic structure that is beneficial to the carrier transmission forms with a larger praseodymium doping amount (y=0.05, 0.075, 0.1), the specimen bars also have high electrical conductivity at low temperature. Moreover, under all test temperature, the electrical conductivity increases with the increase of doping amount, and maximum electrical conductivity reaches 6.5 S/cm for BaFe 0.9 Pr 0.1 O 3−δ at 900 • C. The electrical conductivity in the perovskite oxides is generally created by electron hopping along the B-site lattice cations and oxygen ion through strongly overlapping B−O−B bonds with a mechanism known as the Zerner double exchange:
The stabilization of cubic lattice structure of BaFe 1−y Pr y O 3−δ is strengthened with the increase of the praseodymium doping amount. The cubic perovskite phase can maximize the overlapping of the electron clouds between O 2 and Fe m+ ions, thus facilitate the electron conduction [28] . Pr n+ has a variable valence state, which lets it participate in the Zerner double exchange. It should be noted that, at temperature above 550
• C, the electrical conductivity of the materials decreases with the increase of temperature. That may be ascribed that the BaFe 1−y Pr y O 3−δ materials are p-type electronic conductors, and the conductivity increases with increasing temperature. However, more oxygen vacancies will be formed inside the materials at higher temperature, but the formation of an oxygen vacancy consumes 2 times electron hole, thus reducing the electrical conductivity [33] . • C. In addition, the oxygen permeation fluxes increase with the increase of praseodymium doping amount, and the maximum oxygen permeation flux reaches 1.112 mL/(cm 2 ·min) for BaFe 0.9 Pr 0.1 O 3−δ composition at 900
• C, which is consistent with the increase of conductivity. However, at temperature below 650
• C, the oxygen permeation flux of BaFe 0.975 Pr 0.025 O 3−δ materials is low, and above 650
• C, it increases sharply, implying there probably exists a phase transition around the temperature. To elucidate the reason for this, the crystal structure of BaFe 0.975 Pr 0.025 O 3−δ membrane with the change of temperature was characterized by high temperature Xray diffraction (HT-XRD).
FIG. 6 shows HT-XRD patterns of BaFe 0.975 Pr 0.025 O 3−δ membrane at different temperature. The membrane is triclinic phase at 100
• C, which is the same as that measured at room temperature.
With the increase of temperature, the crystal structure of the membrane gradually changes into cubic phase, and completely transforms into a cubic phase above 700
• C. This phase transformation explains the reason that the oxygen permeation flux of BaFe 0.975 Pr 0.025 O 3−δ shows a sharp increase near 700
• C. 
IV. CONCLUSION
BaFe 1−y Pr y O 3−δ (y=0, 0.025, 0.05, 0.075, 0.1) powders were synthesized by a solid state reaction method. The BaFeO 3−δ and BaFe 0.975 Pr 0.025 O 3−δ samples have hexagonal and triclinic crystal structure at room temperature, respectively, while others have cubic crystal structure, which proves that doping of praseodymium is beneficial to the stabilization of the cubic phase structure. The sintered BaFe 1−y Pr y O 3−δ samples have dense microstructure and praseodymium doping promotes the grain growth. Electrical conductivity and oxygen permeation flux of BaFe 1−y Pr y O 3−δ samples increase with the increase of the praseodymium doping amount, which reach 6.5 S/cm and 1.112 mL/(cm 2 ·min) for BaFe 0.9 Pr 0.1 O 3−δ composition at 900
• C, respec- 
